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Abstract 
It is well known fact that distribution systems can operate under unbalanced loading conditions, means that the 
distribution system planner have to account for any unbalances in the system for reliable operation of the system. In 
this paper optimal sizes and locations of capacitors is determined using Index Vector method in unbalanced radial 
distribution system (ubds). In this paper two types of load unbalances and different loading conditions are 
considered to investigate its impact on optimal capacitor sizes and locations. The main objective of this paper is: 
x Finding optimal size and locations of capacitors in ubds. 
x Impact of different loading conditions (low, medium and high loading) on optimal placement of capacitors in 
ubds is evaluated. 
x Impact of type-A and type-B unbalances on voltage profile, voltage unbalance, total power losses and cost of 
energy losses in ubds is determined. 
x Impact of type-A and type-B unbalances on optimal capacitor allocation problem is addressed. 
x Impact of realistic load model as ZIP load model has been considered in optimal capacitor placement problem. 
x Computing required amount of capacitive reactive power to minimise total power losses and improve voltage 
profile under different load unbalances, different loading conditions and realistic ZIP load model. 
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1. Introduction  
    The optimal distribution system planning is very important for the growth of distribution system network and 
plays an important role for effective usage of the distribution system. With the continuing increase in load demand, 
the future expansion of the network depends on the load flow study of the distribution system network and thus is 
one of the most important research fields for electrical engineering. With the growing effort to reduce system losses, 
increase in the efficiency of the system, and proper voltage profile, many papers refer to optimal distribution system 
planning. The voltage profile in the radial distribution system based on the load tapped from start to end of the 
feeders results in considerable voltage drop. Thus, the capacitors are widely installed in distribution systems for 
reactive power compensation which helps to achieve power and energy reduction, voltage regulation, and system 
capacity release. The installation of shunt capacitors in primary distribution systems can also effectively reduce peak 
power and energy losses by improving the voltage profile and compensating reactive power consumption patterns of 
loads.  
Paper [1] presents an efficient and robust three phase power flow algorithm for application to radial distribution 
networks. This method exploits the radial nature of the network and uses forward and backward propagation to 
calculate branch currents and node voltages.  In [2], a general power flow algorithm for three-phase four-wire radial 
distribution networks, considering neutral grounding, based on backward-forward technique, is proposed. In this 
novel use of the technique, both the neutral wire and ground are explicitly represented. A simple algorithm is 
presented [3] to solve three-phase unbalanced radial distribution network (RDN). It solves a simple algebraic 
recursive expression of voltage magnitude, and all the data are stored in vector form. The algorithm uses basic 
principles of circuit theory and can be easily understood. A generalized single-equation load flow (GSELF) method 
[4] for the analysis of unbalanced distribution systems. Models of distribution system devices such as shunt 
capacitors and distributed generators, distribution transformers, voltage regulators as well as three phase lines and 
various types of loads can be included. A novel and fast three-phase load flow algorithm for unbalanced radial 
distribution systems is proposed in [5] this paper which employs the Newton-Raphson (NR) algorithm. A fuzzy 
approach load flow [6] for balanced and unbalanced radial distribution systems with incorporating load model. 
Fuzzy set theory proposes an appropriate way to model inexactly expressed information and data which have 
uncertainty. A novel three-phase power flow approach for unbalanced radial distribution systems is proposed in [7]. 
The proposed approach is developed based on the branch frame of reference, rather than the traditional bus frame of 
reference. On the basis of the branch frame of reference, a simple direct iterative method can be applied. Hence, the 
proposed approach may be called the ‘direct ZBR method’.  
In [8], Decision Theory criteria are applied to select the optimal allocation and the sizing of capacitors in 
unbalanced systems with the presence of harmonic sources, also taking into account the uncertainties due to the 
presence of unbalanced loads.  In [9] proposes a new single-objective probabilistic approach based on the use of a 
micro-genetic algorithm. Two different techniques, one based on the linearised form of the equality constraints of 
the probabilistic optimization model and one based on the point estimate method, were tested and compared. In [10] 
proposes to solve the problem using particle swarm optimization (PSO). A discrete version of PSO is combined with 
a radial distribution power flow algorithm (RDPF) to form a hybrid PSO algorithm (HPSO). To include the presence 
of harmonics, the developed HPSO was integrated with a harmonic power flow algorithm (HPF). The problem of 
choosing optimal locations and sizes for shunt capacitors in distribution systems is addressed [11]. The objective of 
the capacitor placement procedure is not only to minimize the power losses along distribution feeders, but also to 
make sure that these capacitors will have the minimum possible impact on the harmonic distortion of bus voltages in 
the system. The article presents [12] a simple method for investigating the problem of contemporaneously choosing 
optimal location and size of shunt capacitors in three phase unbalanced radial distribution systems based on power 
loss index method. A new method [13] to optimize locating and the size of fixed and switching capacitor banks 
based on bacterial foraging (BF) oriented by particle swarm optimization (PSO) algorithm (BFPSO). The algorithm 
is proposed for radial and meshed networks in the presence of unbalanced and nonlinear loads by using fuzzy sets. In 
[14] article optimal capacitor placement using a hybrid honey bee colony (HHBC) optimization algorithm aiming to 
minimize power system losses and unbalances and maximize the ensuing net saving while maintaining voltage and 
total harmonic distortion (THD) of buses in an acceptable range according to IEEE standards. A simplified forward 
and backward load flow algorithm is developed for analysis of unbalanced radial distribution system without 
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identification of nodes beyond each branch. A method for the reactive power control [18] for fixed load and varying 
load conditions, giving generalized equations for calculating the peak power and energy loss reductions, the 
optimum locations and rating of the capacitors. Genetic Algorithm is used for obtaining the optimum values of shunt 
capacitors in [19]. A systematic method for optimal placement of the shunt capacitors in distribution feeders by 
taking into account the mutual coupling effect among phase conductors is presented in [20]. Heuristic method for the 
determination of the most sensitive capacitor location in a feeder segment is presented in [22]. Simulated annealing 
approach is used to obtain the optimum values of shunt capacitors for radial distribution networks [25]. Genetic 
algorithm is applied to obtaining the optimum values of shunt capacitor bank in unbalanced radial distribution 
systems [26]. From the literature survey it can be observed that many others have done research on optimal 
placement of capacitors in distribution systems without consideration of actual conditions like: load unbalances and 
loading conditions. However in this study these two major operations of the system are incorporated for efficient 
effective planning of the system.  
In this article optimal placement of capacitor is presented using Index Vector approach [15] under different 
loading conditions and load unbalances. The cost of energy loss and cost of capacitor is given in [17]. The main 
objective of this paper is to maintain acceptable voltages at all buses along the distribution feeder under all loading 
conditions and load unbalances by optimal installation of capacitors. 
 
Nomenclature 
ܼ௔௔ǡ ܼ௕௕ǡ ܼ௖௖  self impedance of phase-A, phase-B and phase-C  
ܼ௔௕ǡ ܼ௕௖ǡ ܼ௖௔ mutual impedance of phase-A, phase-B and phase-C  
ܲܮ௔ǡ ܲܮ௕ǡ ܲܮ௖  real power load in phase-A, phase-B and phase-C  
ܳܮ௔ǡ ܳܮ௕ǡ ܳܮ௖ reactive power load in phase-A, phase-B and phase-C  
ݒ௔ǡ ݒ௕ǡ ݒ௖ bus voltage in phase-A, phase-B and phase-C  
ܫܮ௔ǡ ܫܮ௕ǡ ܫܮ௖  load currents in phase-A, phase-B and phase-C  
ܫ௕௥௔ǡ ܫ௕௥௕ǡ ܫ௕௥௖ branch currents in phase-A, phase-B and phase-C  
Δ ୟܸ ǡΔ ୠܸǡΔ ୡܸ       voltage drops in phase-A, phase-B and phase-C  
ݏ݁               sending end  
ݎ݁               receiving end  
݊               number of buses 
ܾ݊               number of branches 
2. Unbalanced Distribution System Load Flow Analysis 
The three phase three wire radial distribution system with loads in each phase is shown in Fig.1. The self, mutual 
impedances between all the phases and load demand in each phase are also shown in the figure  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Three phase three wire radial distribution circuit. 
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. Forward and backward load flow algorithm without identification of nodes beyond each branch is presented 
below. In the backward propagation the branch currents are calculated and in forward direction the receiving end 
bus voltages are determined. 
 1. Load currents calculation: The load currents in each phase can be expressed in terms of power and respective 
voltages of the phases as: 
ܫܮ௔ሾ݅ሿ ൌ ቂ
௉௅ೌሺ௜ሻାொ௅ೌሺ௜ሻ
௩ೌሺ௜ሻ
ቃ
כ
   (1) 
ܫܮ௕ሾ݅ሿ ൌ ቂ
௉௅್ሺ௜ሻାொ௅್ሺ௜ሻ
௩್ሺ௜ሻ
ቃ
כ
   (2) 
ܫܮ௖ሾ݅ሿ ൌ ቂ
௉௅೎ሺ௜ሻାொ௅ሺ௜ሻ
௩೎ሺ௜ሻ
ቃ
כ
݂݋ݎ݅ ൌ ͳǡʹǡ͵ǡ ǥ Ǥ ݊    (3) 
2. Backward sweep to sum up line section current: starting from the last branch and moving towards the root node, 
the current in branch ܫ௕௥  is: 
ܫܮ௔൫ݏ݁ሺ݇ሻ൯ ൌ ܫܮ௔൫ݏ݁ሺ݇ሻ൯ ൅ ܫܮ௔ሺݎ݁ሺ݇ሻሻ)     (4) 
ܫܮ௕൫ݏ݁ሺ݇ሻ൯ ൌ ܫܮ௕൫ݏ݁ሺ݇ሻ൯ ൅ ܫܮ௕ሺݎ݁ሺ݇ሻሻ)     (5) 
ܫܮ௖൫ݏ݁ሺ݇ሻ൯ ൌ ܫܮ௖൫ݏ݁ሺ݇ሻ൯ ൅ ܫܮ௖ሺݎ݁ሺ݇ሻሻ)      ݂݋ݎ݇ ൌ ܾ݊ǡ ܾ݊ െ ͳǡǥ͵ǡʹǡͳ.     (6) 
ܫ௕௥௔ ൌ ܫܮ௔ሺݎ݁ሻ                 (7) 
ܫ௕௥௕ ൌ ܫܮ௕ሺݎ݁ሻ             (8) 
ܫ௕௥௖ ൌ ܫܮ௖ሺݎ݁ሻ  (9) 
3. Forward sweep to update nodal voltages: starting from the first node and moving towards the last node.  
    3.1. Voltage drops in each branch are: 
Δ ୟܸሺ݅ሻ ൌ ܼ௔௔ሺ݅ሻ כ ܫ௕௥௔ሺ݅ሻ ൅ ܼ௔௕ሺ݅ሻ כ ܫ௕௥௕ሺ݅ሻ ൅ ܼ௔௖ሺ݅ሻ כ ܫ௕௥௖ሺ݅ሻ      (10) 
Δ ୠܸሺ݅ሻ ൌ ܼ௕௔ሺ݅ሻ כ ܫ௕௥௔ሺ݅ሻ ൅ ܼ௕௕ሺ݅ሻ כ ܫ௕௥௕ሺ݅ሻ ൅ ܼ௕௖ሺ݅ሻ כ ܫ௕௥௖ሺ݅ሻ      (11) 
Δ ୡܸሺ݅ሻ ൌ ܼ௖௔ሺ݅ሻ כ ܫ௕௥௔ሺ݅ሻ ൅ ܼ௖௕ሺ݅ሻ כ ܫ௕௥௕ሺ݅ሻ ൅ ܼ௖௖ሺ݅ሻ כ ܫ௕௥௖ሺ݅ሻ      (12) 
    3.2. The voltages at the receiving end node i is: 
௔ܸ൫ݎ݁ሺ݅ሻ൯ ൌ ௔ܸ൫ݏ݁ሺ݅ሻ൯ െ Δ ୟܸሺ݅ሻ         (13) 
௕ܸ൫ݎ݁ሺ݅ሻ൯ ൌ ௕ܸ൫ݏ݁ሺ݅ሻ൯ െ Δ ୠܸሺ݅ሻ         (14) 
௖ܸ൫ݎ݁ሺ݅ሻ൯ ൌ ௖ܸ൫ݏ݁ሺ݅ሻ൯ െ Δ ୡܸሺ݅ሻ݂݋ݎ݅ ൌ ͳǡʹǡ͵ǡ ǥ݊        (15) 
     3.3. Voltage deviations in present and previous iterations: 
݈݀݁ ௔ܸ ൌ ௔ܸ െ ݒ௔         (16) 
݈݀݁ ௕ܸ ൌ ௕ܸ െ ݒ௕         (17) 
݈݀݁ ௖ܸ ൌ ௖ܸ െ ݒ௖         (18) 
݈ܸ݀݁ ൌ ሾ݈݀݁ ௔ܸǢ ݈݀݁ ௕ܸǢ ݈݀݁ ௖ܸሿ         (19) 
     3.4. Convergence Criterion  
݈݀݁ ௠ܸ௔௫ ൌ ሺሺ݈ܸ݀݁ሻሻ         (20) 
     3.5 Updating Voltages in each phase 
ݒ௔ ൌ ௔ܸ         (21) 
ݒ௕ ൌ ௕ܸ         (22) 
ݒ௖ ൌ ௖ܸ         (23) 
4. The complex power loss 
ܵ௕௥௔௕௖ ൌ ൫ ௣ܸ௔௕௖ െ ௤ܸ௔௕௖൯൫ܫ௕௥௔௕௖൯
כ
         (24) 
 
2.1 Load Flow Algorithm 
Step 1: Read bus data and line data for the unbalanced radial distribution system. 
Step 2: Initialize the phase voltages as ݒ௔ሺ݅ሻ ൌ ͳǤͲ  , ݒ௕ሺ݅ሻ ൌ െͲǤͷ ൅ ݆ כ ͲǤͺ͸͸ andݒ௖ሺ݅ሻ ൌ െͲǤͷ െ ݆ כ ͲǤͺ͸͸. 
Step 3: Calculate load currents ܫܮ௔ሾ݅ሿǡ ܫܮ௕ሾ݅ሿܽ݊݀ܫܮ௖ሾ݅ሿ using eqn. (1-3) for all three phases. 
Step 4: Calculate branch currents using eqns. (7-9). 
Step 5: Calculate the voltage drops in all three phases using eqns. (10-12). 
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Step 6: After calculating voltage drops find receiving end voltages in the forward direction using eqns. (13-15). 
Step 7: Find ݈ܸ݀݁ using eqns. (16-19). Update the voltages in all three phases as shown in eqns. (21-23). 
Step 8: Find error in voltage݅Ǥ ݁Ǥ݈݀݁ ௠ܸ௔௫. If it is less than 0.00001 then the load flow is converged otherwise go to 
step 3. 
Step 9: Once load flow is converged bus voltages and branch currents are known then find complex power loss 
using eqn. (24). 
Step 10: Stop. 
3. Analysis of Unbalanced System Under Different Loading Conditions 
The load demand at the distribution substation is fluctuating with respect to time. Distribution feeders are lightly 
loaded at the mid night and early in the morning and are heavily loaded during the office hours. Higher load demand 
also results into lower voltage magnitude at the far end of the substation and higher power losses. Similarly, light 
load demand also results into high voltage magnitude at the far end of the substation and low power losses. The 
variation in voltage magnitude within ±5 % is permissible as per international standard. By injecting required 
amount of shunt reactive power, voltage profile can be improved and thereby the power losses will reduce. It means 
the reactive power supplied by capacitors is proportional to loading conditions.  In this paper we have consider three 
different loading conditions i.e. light, medium and high. The total system load is 50%, 100% and 130% of total load 
the light load, medium and high load operation. The objective of this section is to find the optimal capacitor sizes 
under different loading conditions. 
 
3.1 At Light Load 
At light load operation of the system, without installation of capacitors the powers taken from the substation on 
each phase are 549.04+409.7i, 554.72+413.05i and 551.56+413.24i. Minimum bus voltages (p.u) are found that 
0.965432, 0.965328 and 0.969208. Maximum voltage unbalance (%) are found that 2.513073, 2.466867 and 
2.161777. Total real and reactive power losses are 35.367kW and 39.491kVAr respectively. The index vector profile 
for 25 bus system is given in Fig. 2.  After installation of capacitors, 360.26kVAr reactive power is locally supplied 
by capacitors in each phase so powers taken from the substation reduces to 544.66+44.56i, 550.07+48.30i and 
548.04+48.25i. Minimum bus voltages (p.u) are improved to 0.98073, 0.979209 and 0.983683. Maximum voltage 
unbalances (%) are reduced to 1.401089, 1.467985 and 1.119791. Total real and reactive power losses are become 
22.835kWand 25.398kVAr respectively. Voltage profile with and without capacitor is shown in Fig. 3. 
 
 
Fig .2. Index Vector profile for 25 bus system at light load. 
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Fig 3: Voltage profile for 25 bus system at light load. 
3.2 At Medium Load 
At medium load operation of the system, without installation of capacitors the powers taken from the substation 
on each phase are 1126.1+850.29i, 1138.7+854.29i and 1125.2+855.69i. Minimum bus voltages (p.u) are found that 
0.928412, 0.928396 and 0.936595. Maximum voltage unbalance (%) are found that 5.334261, 5.215524 and 
4.544444. Total real and reactive power losses are 150.12kW and 167.28kVAr respectively.  
 
 
Fig. 4. Index Vector profile for 25 bus system at medium load. 
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The index vector profile for 25 bus system is given in Fig. 4. After installation of capacitors, 693.81kVAr reactive 
power is locally supplied by capacitors in each phase so powers taken from the substation reduces to 
1106.96+135.21i, 1118.61+141.04i and 1109.58+141.52i. Minimum bus voltages (p.u) are improved to 0.96067, 
0.957692 and 0.966898. Maximum voltage unbalances (%) are reduced to 2.975958, 3.097951 and 2.366941. Total 
real and reactive power losses are become 95.567kWand 106.21kVAr respectively. Voltage profile with and without 
capacitor is shown in Fig. 5. 
 
 
Fig. 5. Voltage profile for 25 bus system at medium load. 
3.3 At High Load 
At higher load operation of the system, without installation of capacitors the powers taken from the substation on 
each phase are 1488.3+1132.2i, 1505.7+1134.9i and 1481.6+1137.2i. Minimum bus voltages (p.u) are found that 
0.904789, 0.904949 and 0.916012. Maximum voltage unbalance (%) are found that 7.208388, 7.028391 and 
6.099434. Total real and reactive power losses are 263.67kW and 293.4kVAr respectively. The index vector profile 
for 25 bus system is given in Fig. 6. By index vector method 723.11kVAr capacitors are installed in each phase. 
After installation of capacitors, 723.11kVAr reactive power is locally supplied by capacitors in each phase so 
powers taken from the substation reduces to 1457.5+342.39i, 1473.32+348.17i and 1457.15+349.24i. Minimum bus 
voltages (p.u) are improved to 0.945143, 0.941683 and 0.953737. Maximum voltage unbalances (%) are reduced to 
4.496543, 4.595769and 3.624808. Total real and reactive power losses are become 176.08kWand 195.9kVAr 
respectively. Voltage profile with and without capacitor is shown in Fig. 7. 
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Fig. 6. Index Vector profile for 25 bus system at high load. 
 
Fig. 7. Voltage profile for 25 bus system at high load. 
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4. Analysis of Unbalanced Distribution System under Load Unbalance 
4.1. Type A-Load Unbalance 
Firstly the overall network load is balanced for the three phases. Subsequently, a percentage of the c-phase load 
is increased, while the same value is decreased in phase b. In this way, the total network load remains constant under 
each unbalance scenario. The new three-phase loads in type A unbalance operation become as follows: 
ܵܮ௔ ൌ ܵܮ௔  (25) 
ܵܮ௕ ൌ ܵܮ௕ כ ሺͳ െ ݈ݑܾሻ  (26) 
ܵܮ௖ ൌ ܵܮ௖ כ ሺͳ ൅ ݈ݑܾሻ  (27) 
where lub is the load unbalance factor which determines unbalance in the loads at all nodes in the study system, lub 
= 0.0 represents the balanced system base case study. 
                 case-1  case-2  case-3  case-4 
Unbalance factor (lub)   5%                   10%             15%                     20% 
The objective of this section is to study the system behaviour under type A unbalance. To carry out this work we 
consider four cases of type a unbalance. In the type A unbalance system load in A-phase remains same, but in c-
phase it is increasing and in b-phase it decreasing. Due to increased load demand, voltage magnitudes will decrease 
and total power losses also increase in phase c. Due to decreased load demand, voltage magnitudes will increase and 
total power losses also decrease in phase b. It is important to study the impact of required amount of capacitive 
reactive power in the presence of different unbalance scenarios to improve system performance. The index vector 
profiles for 25 bus system are shown in Fig. 8, Fig. 10, Fig. 12 and Fig. 14 for cases 1-4 of type-A unbalances. The 
voltage profiles with and without capacitors for 25 bus system are shown in Fig. 9, Fig. 11, Fig. 13 and Fig. 15 for 
cases 1-4 of type-A unbalances. Total real, reactive power losses and minimum voltage profiles variation with type-
A unbalance with and without capacitors are shown in Fig. 16, Fig. 17 and Fig. 18.  
It is observed that 
1. The real and reactive power losses are decreasing in phase-B and increasing in phase-C with percentage of type-A 
unbalance. 
2. Voltage magnitudes are decreases with increasing of percentage of type-A unbalance. 
3. Voltage unbalance and cost of energy losses are also increasing with increasing of type-A   unbalance.  
4. Increase in percentage of type-A unbalance results into decrement of capacitive reactive power in B-phase and 
increment in C-phase. 
5. It is also observed that savings are slightly increasing with increasing of unbalance. 
 
 
Fig. 8. Index vector profile for 25 bus system with Type-A unbalance case-1. 
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Fig 9. Voltage profile for 25 bus system with Type-A unbalance case-1. 
 
Fig 10. Index vector profile for 25 bus system with Type-A unbalance case-2. 
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Fig. 11. Voltage profile for 25 bus system with Type-A unbalance case-2. 
 
Fig. 12. Index vector profile for 25 bus system with Type-A unbalance case-3. 
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Fig. 13. Voltage profile for 25 bus system with Type-A unbalance case-3. 
 
Fig. 14. Index vector profile for 25 bus system with Type-A unbalance case-4. 
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Fig. 15. Voltage profile for 25 bus system with Type-A unbalance case-4. 
 
Fig. 16. Total Real Power Loss with and without Capacitor considering Unbalances. 
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Fig. 17. Total Reactive Power Loss with and without Capacitor considering Unbalances. 
 
Fig. 18. Minimum Voltage with and without Capacitor considering Unbalances. 
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Table 1. Optimal Capacitor sizes for 25 bus system considering unbalance of  type-A. 
 
Bus 
No. 
Un balance (%) 
5 10 15 20 
A-ph B-ph C-ph A-ph B-ph C-ph A-ph B-ph C-ph A-ph B-ph C-ph 
1 0 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 0 0 
3 0 0 46.73 0 0 46.79 0 0 46.78 0 0 46.78 
4 0 0 75.37 0 0 75.36 0 0 75.38 0 0 75.38 
5 0 0 57.04 0 0 57.07 0 0 57.04 0 0 57.03 
6 0 0 0 0 0 0 0 0 0 0 0 56.56 
7 0 0 0 0 57.34 0 0 0 0 0 0 0 
8 0 0 57.04 0 0 57.06 0 0 57.03 0 0 57.02 
9 87.48 0 87.48 87.48 0 87.48 87.46 0 87.43 87.41 0 87.41 
10 48.72 0 48.72 48.61 0 48.61 48.68 0 48.66 48.64 0 48.64 
11 0 0 61.89 0 0 61.89 0 0 61.78 0 0 61.76 
12 68.55 68.55 68.55 68.41 68.41 68.41 68.46 68.46 68.46 68.44 68.44 68.44 
13 48.86 48.86 48.86 48.87 48.87 48.87 48.87 48.87 48.84 48.82 0 48.82 
14 0 66.86 66.86 0 66.8 66.8 0 0 66.78 0 0 66.76 
15 199.5 199.5 0 199.44 199.44 0 199.39 199.39 0 199.34 199.34 0 
16 0 0 0 0 0 0 0 0 0 0 0 0 
17 0 57.38 57.38 0 0 57.34 0 57.3 57.3 0 57.28 57.28 
18 0 0 56.83 0 0 56.89 0 0 56.82 0 0 56.82 
19 86.59 0 86.59 86.55 0 86.55 86.59 0 86.57 86.57 0 86.57 
20 0 0 0 0 0 0 0 0 0 0 0 0 
21 0 0 0 0 0 0 0 0 56.30 0 0 56.29 
22 67.06 67.06 0 67.06 67.06 0 67.064 67.04 0 67.05 0 0 
23 0 0 0 0 0 0 0 0 0 0 0 0 
24 0 47.15 47.15 0 47.17 47.17 0 47.14 47.14 0 47.14 47.14 
25 86.84 86.84 86.84 86.89 86.89 86.89 86.84 86.85 86.83 86.83 86.83 86.83 
Total 
(kVAr)  693.63 642.18 953.33 693.47 642.04 953.19 693.34 575.07 1009.23 693.12 459.04 1065.60 
Table 2. Results without and with capacitors considering unbalance of  type-A for 25 bus system. 
Results without capacitors 
 
 
 
 
TPL (kW) 
Phase 0 % 5 % 10 % 15 % 20 % 
A 52.81328 51.53396 50.25238 48.96833 47.68162 
B 55.4431 50.70412 46.20817 41.94849 37.91851 
C 41.86151 48.23329 55.07561 62.39956 70.21673 
Total 150.11789 150.4713
6 
151.53616 153.31637 155.81686 
 
 
 
TQL (kVAr) 
A 58.29014 58.48702 58.67479 58.85355 59.02338 
B 53.29408 46.22705 39.66439 33.59785 28.01959 
C 55.69108 63.31257 71.48492 80.22349 89.5443 
Total 167.27529 168.0266
4 
169.82410 172.67489 176.58727 
 
 
Min Voltage (p.u) 
A 0.928412 0.929145 0.929886 0.930633 0.931388 
B 0.928396 0.932337 0.936244 0.94012 0.943964 
C 0.936595 0.931385 0.926135 0.920844 0.91551 
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Un balance (%) 
A 5.334261 5.271712 5.208695 5.145201 5.081221 
B 5.215524 4.9143 4.617142 4.323945 4.034603 
C 4.544444 4.953752 5.369119 5.790749 6.218856 
Cost of energy loss ($)  78901.97 79087.75 79647.41 80583.09 81897.34 
Total cost ($)  78901.97 79087.75 79647.41 80583.09 81897.34 
Results with capacitors 
 Phase 0 % 5 % 10 % 15 % 20 % 
A 33.66803 33.46699 32.73168 31.84653 30.70615 
B 35.31495 34.2367 30.55031 28.20139 27.5183 
C 26.58381 29.11303 33.51727 37.30539 41.23329 
Total 95.56678 96.8167 96.79925 97.35331 99.45773 
 
 
 
TQL (kVAr) 
A 37.02202 36.11431 36.70106 36.53679 35.97869 
B 33.85069 32.42506 27.39659 23.82588 21.91705 
C 35.33719 41.14802 45.10282 50.35751 56.63392 
Total 106.20989 109.6873
9 
109.20047 110.72017 114.52965 
 
 
Min Voltage (p.u) 
A 0.96067 0.961326 0.962004 0.96303 0.964316 
B 0.957692 0.955607 0.959332 0.959304 0.956215 
C 0.966898 0.967949 0.963476 0.960642 0.958713 
 
 
Un balance (%) 
A 2.975958 2.944228 2.88706 2.811096 2.709989 
B 3.097951 3.177551 2.916197 2.91857 3.122641 
C 2.366941 1.913179 2.279138 2.433346 2.578057 
 
 
 
Qc (kVAr) 
A 693.81 693.653 693.127 693.304 693.127 
B 693.81 642.18 641.689 575.07 459.043 
C 693.81 953.323 952.743 1009.236 1065.603 
Total 2081.43 2289.156 2287.559 2277.61 2217.773 
Cost of energy loss ($)  50229.9 50886.86 50877.69 51168.9 52274.99 
Cost of capacitor ($)  7244.29 7867.46 7865.89 7832.83 7653.319 
Total cost ($)  57474.19 58754.33 58743.57 59001.73 59928.30 
Savings ($)  21427.77 20333.41 20903.83 21581.35 21969.03 
 
4.2. Type B-Load Unbalance 
Firstly the overall network load is balanced for the three phases. Afterward, a percentage of the load of phase b is 
decreased, while the decrease is twice this value in phase c. This kind of unbalance reduces the total network load 
under each unbalanced scenario. The new three-phase loads in type B unbalance operation become as follows: 
ܵܮ௔ ൌ ܵܮ௔   (28) 
ܵܮ௕ ൌ ܵܮ௕ כ ሺͳ െ ݈ݑܾሻ  (29) 
ܵܮ௖ ൌ ܵܮ௖ כ ሺͳ െ ʹ כ ݈ݑܾሻ  (30) 
The objective of this section is to study the system behaviour under type B unbalance. To carry out this work we 
consider four cases of type a unbalance. The decrement in c-phase load is twice that of decrement in phase-b. Due to 
decreased load demand, voltage magnitudes will increase and total power losses also decrease in phase b and c. 
However the decrement in total power losses and improvement in voltage is more in phase c than phase b. 
The index vector profiles for 25 bus system are shown in Fig. 19, Fig. 21, Fig. 23 and Fig. 25 for cases 1-4 of type-B 
unbalances. The voltage profiles with and without capacitors for 25 bus system are shown in Fig. 20, Fig. 22, Fig. 24 
and Fig. 26 for cases 1-4 of type-B unbalances. Total real, reactive power losses and minimum voltage profiles 
variation with type-B unbalance with and without capacitors are shown in Fig. 27, Fig. 28 and Fig. 29. The results of 
total real and reactive power losses, minimum voltage magnitudes, voltage unbalances and cost of energy losses for 
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25 bus system without and with capacitors are given in Table 3. Powers taken from the substation under type-b 
unbalances are given in Table 4. 
It is observed that 
1. The real and reactive power losses are decreasing in phase-B and phase-C with percentage of type-B unbalance. 
2. Voltage magnitudes are increases with increase of percentage of type-B unbalance. 
3. Voltage unbalance and cost of energy losses are also decreasing with increasing of type-B unbalance.  
4. Increase in percentage of type-B unbalance results into decrement of capacitive reactive power in B-phase and C-
phase. 
5. It is also observed that savings are decreasing with increasing of unbalance. 
 
 
Fig. 19. Index vector profile for 25 bus system with Type-B unbalance case-1. 
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Fig. 20. Voltage profile for 25 bus system with Type-B unbalance case-1. 
 
Fig. 21. Index vector profile for 25 bus system with Type-B unbalance case-2. 
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Fig. 22. Voltage profile for 25 bus system with Type-B unbalance case-2. 
 
Fig. 23. Index vector profile for 25 bus system with Type-B unbalance case-3. 
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Fig. 24. Voltage profile for 25 bus system with Type-B unbalance case-3. 
 
Fig. 25. Index vector profile for 25 bus system with Type-B unbalance case-4. 
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Fig. 26. Voltage profile for 25 bus system with Type-B unbalance case-4. 
 
Fig. 27. Total Real Power Loss with and without Capacitor considering type-B Unbalances. 
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Fig. 28. Total Reactive Power Loss with and without Capacitor considering type-B unbalances. 
 
Fig. 29. Minimum Voltage with and without Capacitor considering type-B unbalances. 
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Table 3. Without and with installation of capacitor considering unbalance of type-B for 25 bus system. 
Results without capacitors 
 Phase  0 % 5 % 10 % 15 % 20 % 
 
TPL (kW) 
A 52.81328 53.3283 53.83323 54.32848 54.81446 
B 55.4431 48.09286 41.29643 35.03965 29.30897 
C 41.86151 33.42204 26.02881 19.63945 14.21441 
Total 150.11789 134.84320 121.15846 109.00757 98.33783 
 
TQL (kVAr) 
A 58.29014 59.29373 60.29409 61.29132 62.28552 
B 53.29408 48.02609 43.05916 38.38843 34.00912 
C 55.69108 43.52779 32.96989 23.95894 16.44025 
Total 167.27529 150.84760 136.32313 123.63868 112.73488 
 
Min Voltage (p.u) 
A 0.928412 0.927592 0.926783 0.925983 0.925192 
B 0.928396 0.933194 0.937955 0.942679 0.947367 
C 0.936595 0.943955 0.951205 0.95835 0.965394 
 
Un balance (%) 
A 5.334261 5.404609 5.47427 5.543272 5.611641 
B 5.215524 4.841294 4.472285 4.108359 3.74938 
C 4.544444 3.990296 3.449616 2.921767 2.406159 
Cost of energy loss ($)  78901.97 70873.59 63680.89 57294.38 51686.37 
Total cost ($)  78901.97 70873.59 63680.89 57294.38 51686.37 
Results with capacitors 
 Phase 0 % 5 % 10 % 15 % 20 % 
 
 
TPL (kW) 
A 33.66803 33.87315 34.24613 34.25481 34.25354 
B 35.31495 30.95504 26.33051 23.79063 18.9619 
C 26.58381 25.22272 19.54578 13.79437 13.35143 
Total 95.56678 90.05091 80.12242 71.83980 66.56687 
 
 
 
TQL (kVAr) 
A 37.02202 37.95326 38.9732 38.45706 40.24009 
B 33.85069 31.0514 27.54172 25.4146 20.98355 
C 35.33719 30.65602 22.5021 17.12555 13.34035 
Total 106.20989 99.66067 89.01703 80.99721 74.56399 
 
Min Voltage (p.u) 
A 0.96067 0.961206 0.960645 0.960886 0.961072 
B 0.957692 0.959875 0.964899 0.961139 0.967898 
C 0.966898 0.960363 0.964338 0.97167 0.966326 
 
Un balance (%) 
A 2.975958 2.981026 3.01902 3.018978 3.024577 
B 3.097951 2.889593 2.482542 2.611763 2.129901 
C 2.366941 2.319529 2.177754 1.616577 1.969987 
 
Qc (kVAr) 
A 693.81 694.647 695.471 696.292 697.11 
B 693.81 643.109 643.881 528.46 529.07 
C 693.81 625.647 513.091 513.646 288.77 
Total 2081.43 1963.40 1852.44 1738.39 1514.96 
Cost of energy loss ($)  50229.9 47330.76 42112.35 37759 34987.55 
Cost of capacitor ($)  7244.29 6890.20 6557.32 6215.19 5544.88 
Total cost ($)  57474.19 54220.97 48669.67 43974.19 40532.43 
Savings ($)  21427.77 16652.61 15011.21 13320.18 11153.93 
Table 4. Powers taken from the substation for 25 bus system with type-A/type-B unbalance. 
Unbalance (%) Type-A Powers taken from the substation 
Without capacitor With capacitor 
0 3390 +2560.3i 3335.5+417.78i 
5 3390.3+2561i 3336.7+213.48i 
10 3391.5+2562.7i 3336.7+214.54i 
15 3393.3+2565.5i 3337.3+225.96i 
20 3395.8+2569.3i 3339.4+289.56i 
Unbalance (%) Type-B Powers taken from the substation 
Without capacitor With capacitor 
0 3390+2560.3i 3335.5+417.78i 
5 3212.2+2423.8i 3167.5+409.21i 
10 3036.1+2289.2i 2995+389.47i 
15 2861.4+2156.5i 2824.3+315.45i 
20 2688.2+2025.5i 2656.5+472.4i 
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Optimal capacitor sizes obtained for type A unbalance are given in Table 1. It is observed that for phase C, required 
capacitor size is higher than for other two phases for different cases of type-A unbalance. Results obtained without 
and with installation of capacitors for total power losses, minimum voltage levels, voltage unbalances, cost of 
energy savings, cost of capacitors and net savings are also given in Tables 2-3. Under different unbalances in each 
phases, the real and reactive power received from substations are different for all phases and with the presence of 
capacitors, the power received reduces and thereby the losses reduces and there is considerable savings.   
 
5. Optimal Placement of Capacitors in Unbalanced Distribution System with Realistic ZIP Load Model 
Load model will affect voltage instability, reactive power imbalance, power system planning, and availability of 
shunt devices. It is presumed that active and reactive power demands are constant values, regardless of the voltage 
magnitudes. In actual power systems operation, different types of loads such as residential, industrial, and 
commercial loads are present. The nature of these types of loads is such that their active and reactive powers are 
dependent on the voltage and frequency of the system.  
In this paper, a realistic static load model that represents the power-voltage relationship as a polynomial equation 
of voltage magnitude. It is usually referred to as the ZIP model, as it is made up of three different load models: 
constant impedance (Z), constant current (I) and constant power (P). The real and reactive power characteristics of 
ZIP load model are given as: 
ܲ ൌ ௢ܲሾܽ௣ ቀ
௏
௏೚
ቁ
ଶ
൅ ܾ௣ ቀ
௏
௏೚
ቁ ൅ ܿ௣ሿ                        (31) 
ܳ ൌ ܳ௢ሾܽ௤ ቀ
௏
௏೚
ቁ
ଶ
൅ ܾ௤ ቀ
௏
௏೚
ቁ ൅ ܿ௤ሿ                        (32) 
Where, the sum of the ZIP load coefficients for both real and reactive power loads is equal to 1. 
ܽ௣ ൅ ܾ௣ ൅ ܿ௣ ൌ ͳ ,ܽ௤ ൅ ܾ௤ ൅ ܿ௤ ൌ ͳ  
In this paper work ܽ௣=ܽ௤=0.2, ܾ௣ ൌ ܾ௤=0.3, ܿ௣ ൌ ܿ௤=0.5           
Po and Qo are the real and reactive power consumed at a reference voltage Vo. 
 
Table 5. Summary of results with of type-A and B unbalances for 25 bus system with ZIP load model. 
  Results without capacitors 
 
Phase 
0 %  
unbalance 
20 % of 
Type-A 
unbalance 
20 % of 
Type-B 
unbalance 
 
TPL (kW) 
A 48.57363 44.22148 50.24413 
B 51.19159 35.44062 27.83683 
C 38.95547 63.4508 13.63944 
Total 138.7206 143.1121 91.720 
 
TQL (kVAr) 
A 53.74509 54.63788 57.08517 
B 49.18443 26.567 32.11877 
C 52.00401 81.2539 15.96439 
Total 154.9335 162.4587 105.1653 
 
Min Voltage (p.u) 
A 0.93156 0.93411 0.928674 
B 0.931434 0.945838 0.948818 
C 0.938951 0.920042 0.96603 
 
Un balance (%) 
A 5.106057 4.886986 5.356407 
B 5.003329 3.906674 3.654148 
C 4.384184 5.892354 2.366068 
Cost of energy loss ($)  72911.59 75220.14 48208.24 
Total cost ($)  72911.59 75220.14 48208.24 
Results with capacitors 
  
Phase 
0 %  
unbalance 
20 % of 
Type-A 
unbalance 
20 % of 
Type-B 
unbalance 
 
 
TPL (kW) 
A 33.18726 30.35036 34.03338 
B 34.76556 25.91517 18.9717 
C 26.51765 39.95389 11.90253 
 V.V.S.N. Murty and Ashwani Kumar /  Energy Procedia  54 ( 2014 )  47 – 74 71
Total 94.4704 96.2194 64.9076 
 
 
TQL (kVAr) 
A 36.38718 36.02691 39.28256 
B 33.14307 20.32981 20.97399 
C 35.04948 53.84766 12.84357 
Total 104.5797 110.2043 73.1001 
 
Min Voltage (p.u) 
A 0.963305 0.96664 0.963334 
B 0.960261 0.95722 0.965907 
C 0.968801 0.957079 0.968915 
 
Un balance (%) 
A 2.976003 2.711986 3.059705 
B 3.091031 3.027549 2.173277 
C 2.392736 2.818208 1.67852 
 
Qc (kVAr) 
A 657.589 658.2 659.231 
B 657.589 448.804 532.086 
C 657.589 971.744 370.058 
Total 1972.767 2078.748 1561.375 
Cost of energy loss ($)  49653.68 50572.93 34115.44 
Cost of capacitor ($)  6918.301 7236.244 5684.125 
Total cost ($)  56571.98 57809.17 39799.56 
Savings ($)  16340 17411 8408.7 
 
 
 
Fig. 30. Voltage profile for 25 bus system with ZIP load model. 
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Fig. 31. Voltage profile for 25 bus system considering type-A unbalance case-4 with ZIP load model. 
 
Fig. 32. Voltage profile for 25 bus system considering type-B unbalance case-4 with ZIP load model. 
In order to study the system more realistic ZIP load model has been considered for optimal capacitor placement 
problem in unbalanced radial distribution system. The voltage profiles obtained with ZIP load model after 
installation of capacitors at well identified locations using index vector approach are shown in Figs. 30-32. The 
results obtained for optimal placement of capacitors with ZIP load model is given in Table 5. It is observed that the 
voltage profile is slightly better in ZIP load model, total power losses and required capacitive reactive power are 
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also slightly lower in ZIP load model than constant power load. It is due to the real and reactive power demands are 
slightly lower in ZIP load model as these are depends on bus voltage magnitudes than constant power load model.  
6. Conclusions 
In this article, optimal placement of capacitors in unbalanced radial distribution system using index vector 
approach is presented under different loading conditions, load unbalances and realistic ZIP load model. Moreover a 
simplified approach for load flow analysis in unbalanced radial distribution system is also addressed. It is observed 
from the results that loading conditions, load unbalances and load models are playing a key role on the system 
performance and optimal sizing of capacitors. The results obtained can be summarized as: 
1. The total power losses, voltage unbalance, required shunt capacitive reactive power and cost of energy losses are 
varying with loading. 
2. Under type-A unbalance total system load remains same. The total power losses are increasing with percentage of 
type-A unbalance. Voltage unbalances in phase-B decreasing and in phase-C increasing. Shunt capacitive reactive 
power requirement in phase-B is lower than phase-C. 
3. Under type-B unbalance total system load decreasing. The total power losses are decreasing with type-B 
unbalance. Voltage unbalances decreasing in phase-B and phase-C. Shunt capacitive reactive power requirement 
decreasing with unbalance however in phase-C is lower than phase-B. 
4. The system performance with ZIP load model is slightly better than constant power load model in terms of 
voltage profile, total power losses and required shunt capacitive reactive power. It is due to the demand with ZIP 
load model is slightly lower than constant power load model. 
5. Total shunt capacitive reactive power supplied under type-A unbalance is more than type-B unbalance. 
6. Total power losses under type-A unbalance are more than type-B unbalance. 
7. Voltage unbalance under type-A unbalance are more than type-B unbalance. 
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